Purpose: To obtain insights on the protein composition of posterior capsular plaques (PCP) in congenital unilateral cataract with anterior vitreolenticular interface dysgenesis (AVLID). Methods: Posterior capsular plaque's were collected during surgery in children presenting with congenital unilateral cataract. Surgeries were analysed focusing on the type of cataract, the integrity of the posterior capsule after peeling the PCP and the presence of vitreolenticular adherences when performing primary posterior capsulorhexis. Proteome analysis was performed on the collected PCPs. Results: Posterior capsular plaques collection and proteome analysis were feasible from four children presenting with unilateral idiopathic congenital cataract and AVLID. A large portion of the proteins found in the PCPs was similar to the proteins known to be present in lens epithelial cells and fibres. Proteins like vimentin, fibronectin, collagen type I, collagen type VI and lumican were also found, which typically are present in mesenchymal tissue but not in lens tissue or capsule. Conclusion: Posterior capsular plaques in cases of unilateral idiopathic congenital cataract of the AVLID type present a protein composition of mainly proteins found in lens epithelial cells and fibres. Some proteins however are a specific for lens tissue and are typically seen in mesenchymal tissue.
Introduction
Paediatric cataract remains enigmatic because of the large variety of congenital and developmental types of cataract. Prevention of visual impairment due to congenital and infantile cataract is an important goal of the World Health Organization's programme for the elimination of avoidable blindness by 2020 (Thylefors 1998) . Although visual prognosis after treatment of paediatric cataract has improved recently, it is still the most common cause of childhood blindness (Zetterstr€ om & Kugelberg 2007) .
In an epidemiological study of the British Congenital Cataract Interest Group, no underlying aetiology could be identified in 92% of unilateral paediatric cataract cases (age 0-15 years) (Rahi & Dezateux 2000) . Risk factors for these idiopathic cases also remain unclear because they often present in otherwise perfectly healthy children (Stoll et al. 1992) . Some believe these cataracts to be a consequence of a localized developmental anomaly with insufficient regression of the fetal vasculature (M€ ullner-Eidenb€ ock et al. 2004) . Quite often however, these cataracts do not display any of the typical signs of persisting fetal vasculature (PFV), such as a retrolenticular fibrovascular membrane or a persistent hyaloid stalk (Shastry 2009 ). Haargaard et al. (2004) reviewed the medical records of infants 0-17 years of age and reported that in eyes with unilateral cataract, PFV was noted in 57%. Forster et al. (2006) collected data from the literature and reported the prevalence of PFV not to be higher than 20%. Recent data derived from the Paediatric Cataract Register (PECARE), a surgical register incorporating all children operated in Sweden and Denmark, reported PFV being present in 33.1% of those with a congenital unilateral cataract and in 10.7% of those with a congenital bilateral cataract (Magnusson et al. 2018) .
After lens removal and cortical lens clean up ophthalmic surgeons often are confronted with a posterior capsular plaque (PCP), a dense white opacity that is strongly adherent to the internal surface of the posterior lens capsule ( Fig. 1) (Praveen et al. 2010) . The results of the Infant Aphakia Treatment Study video assessment of unilateral infantile cataracts, revealed an unexpectedly high incidence of PCPs (88%) in unilateral congenital cataract (Wilson et al. 2011) . Based on clinical observations during cataract surgeries, M€ ullner-Eidenb€ ock and colleagues hypothesized that all infantile unilateral cataracts presenting with a PCP are caused by minimal fetal vascular remnants (MFVR), a mild variant of PFV. Peeling the PCP without rupturing the posterior capsule or revealing a spontaneous posterior capsular hole was considered hardly possible (M€ ullner-Eidenb€ ock et al. 2004) . The presence of a PCP also often indicates the presence of an abnormal vitreolenticular interface (Van Looveren et al. 2016) . In normal developing eyes, a retrolenticular space between the centre of the posterior crystalline lens capsule and the anterior hyaloid membrane, called Berger's space, is fully formed by the ninth month of gestation. In paediatric cataracts, a dysgenesis of this anterior vitreolenticular interface (AVLID) with detectable adhesions between the posterior lens capsule and anterior hyaloid membrane was often found present (Van Looveren et al. 2016 ). This makes the surgical procedure of posterior capsulorhexis much more challenging (Vasavada et al. 2011) . A recent immunohistochemical study demonstrated the adherence of vitreous collagen to the posterior lens capsule underlying these PCPs proving the AVLID and explaining why peeling of these plaques is extremely difficult (Van Looveren et al. 2016) . Attempts to peel the PCP will often result in uncontrolled opening of the posterior lens capsule and of the anterior hyaloid membrane, increasing the risk of vitreous prolapse. Consequently, in-the-bag positioning of an intraocular lens (IOL) in this type of cataract cases can be compromised. In a report by Praveen et al. (2010) , IOL implantation was considered possible in only 54 of the 90 eyes included. Further studies to unravel the etiopathogenesis in an attempt to improve surgical outcome of these idiopathic congenital cataract cases were strongly advocated by the Rahi & Dezateux (2000) . The purpose of current study is to increase knowledge of the biochemical composition of PCPs in unilateral congenital cataracts of the AVLID type using proteomic approaches. We believe these insights will be beneficial to understand cataract formation in these children and ultimately to improve the surgical outcome of cataract surgery in these particular cases with generally bad prognosis regarding visual recovery. 
Materials and Methods

Sample preparation
An appropriate amount lysis buffer (20 ll) was added to the sample together with a protease and phosphatase inhibitor in a ratio of 1/100. This sample mix was sonicated for two times at 30s whereafter it was shaken on ice for 15 min. Thereafter, the lysate was centrifuged at 16 000 g for 10 min at 4°C. After incubation (during 5 min at 100°C), the sample was cooled down and vortexed. After adding 5 ll 200 mM tris(2-carboxyethyl)phosphine for each 2 lg protein, the sample was incubated for one additional hour at 55°C. After 5 ll 375 mM Iodoacetic acid for each 100 lg protein was added, the sample was incubated for 30 min protected from light at room temperature. After 1.0 ml of prechilled (À20°C) acetone was added, the sample was stored at À20°C overnight. The next day, the samples were centrifuged at 6000 g and 4°C for 10 min followed by the removal of the acetone. The obtained pellets were dried in a vacuum centrifuge and stored at À80°C. Before digestion, the protein pellet was resuspended in 15 ll of 100 mM Triethylammonium bicarbonate buffer solution. To improve further solubilization of the proteins and to provide an efficient digestion, 0.1% Rapigest SF surfactant (Waters, Milford, MA, USA) was added to the sample followed by an incubation of 5 min at 100°C. To digest the proteins, trypsin Gold (Promega, Madison, WI, USA) was added in an enzyme:protein ratio of 1:20 and the sample was incubated overnight at 37°C. The next day, Rapigest was inactivated and the trypsin digestion was stopped by the addition of 200 mM HCl to the samples, followed by a 30 min incubation at ambient temperature. After a centrifugation of 5 min at 14 000 g, the supernatant was collected and stored at À80°C until further use.
Proteomics analysis
Liquid chromatography-mass spectrometric analysis was performed on an Waters nanoAquity LC system connected to a Thermo Scientific LTQ Velos Orbitrap mass spectrometer or on a Thermo Scientific Q-Exactive Plus mass spectrometer. The total digested sample was dissolved in 20 ll of 2% acetonitrile in high-performance liquid chromatography-grade water. 10 ll was loaded on the trapping column (Pepmap C18 300 lm 9 20 mm, Thermo Scientific, San Jose, CA, USA) with an isocratic flow of 2% acetonitrile in water with 0.1% formic acid at a flow rate of 5 ll/min. After 2 min the column-switching valve was switched, placing the precolumn online with the analytical capillary column, a Pepmap C18, 3 lm 75 lm 9 150 mm nano column (Thermo Scientific). Separation was conducted using a linear gradient from 2% acetonitrile in water, 0.1% formic acid to 40% acetonitrile in water, 0.1% formic acid in 100 min. The flow rate was set at 400 nl/min. Two mass spectrometry set-ups were used: The LTQ Orbitrap Velos (Thermo Scientific) was set-up in a data-dependent MS/MS mode where a full scan spectrum (350-2000 m/z, resolution 60 000) was followed by a maximum of ten Collision-induced dissociation (CID) tandem mass spectra (100-2000 m/z). Peptide ions were selected as the 10 most intense peaks of the MS1 scan. Collision-induced dissociation (CID) scans were acquired in the LTQ ion trap part of the mass spectrometer. The normalized collision energy used was 35% in CID. We applied a dynamic exclusion list of 45 seconds. The Q-exactive Plus (Thermo Scientific) was set up in a data-dependent MS/MS mode where a full scan spectrum (350-1850 m/z, resolution 70 000) was followed by a maximum of twenty higher-energy collisional dissociation (HCD) tandem mass spectra (100-2000 m/z). Peptide ions were selected as the 20 most intense peaks of the MS1 scan. Higher-energy collisional dissociation (HCD) scans were acquired with a resolution of 17 500. The normalized collision energy used was 35% in HCD. We applied a dynamic exclusion list of 45 seconds.
Data analysis
Proteome discoverer (1.3) software (Thermo Scientific) was used to perform database searching against the UniProt consensus H. sapiens database using both Sequest and Mascot algorithms. Following settings were applied: precursor mass tolerance of 10 ppm, fragment mass tolerance of 0.5 Da for VELOS LTQ Orbitrap data, 0.01 Da for Q-Exactive plus data. Trypsin was specified as digesting enzyme and two missed cleavages were allowed. Cysteine carbamidomethylation were defined as fixed modifications and methionine oxidation and serine, threonine and tyrosine phosphorylation were variable modifications. The results were filtered using following settings: only medium and high confident peptides with a global false discovery rate <5% and first ranked peptides were included in the results. Samples of PCPs were not pooled but were analysed separately. The output of this proteome analysis was a list of proteins present in PCPs of unilateral paediatric cataracts of the AVLID type. Only those proteins found in at least two of the collected samples were considered for further evaluation.
Results
Sample collection
Posterior capsular plaque collection was feasible from four children presenting with the AVLID type of unilateral paediatric cataract. All children had a normal gestation, partus and development and a blank family and general history. An overview of the relevant surgical steps during their cataract surgery are listed in Table 1 . Child A (female, 3 months and 20 days of age) presented with a complete white cataract of the right eye but with a central PCP after removal of the lens content. A capsular defect was noted after peeling the plaque. Viscodissection of the posterior capsule and anterior hyaloid membrane was not feasible (apparently no Berger's space present). 
Proteome analysis
The four collected PCP samples were not pooled but processed separately using liquid chromatography-mass spectrometric analysis and database search against human proteins following the described protocol. An extensive list of proteins was retrieved from all PCPs. Proteins present in at least two PCP samples are listed in Table 2 . The additional information, among which the number of peptides recognized per protein, their total sequence coverage percentages per sample, and scores of the identification are not presented for the clarity of the article. The numbers in the list of Table 2 represent the number of samples, in which the specific protein was found. Only eight mutual proteins were found present in all four of the analyzed plaques.
Discussion
Despite tremendous efforts in recent years to increase our knowledge about paediatric cataract and to refine its surgical approach, paediatric cataract is still the number one cause of childhood blindness. In addition, the majority of unilateral paediatric cataract cases are considered of unknown origin and with bad prognosis (Rahi & Dezateux 2000) . Because these unilateral cataracts will present most often in otherwise perfectly healthy children and in eyes without co-morbidities, a localized developmental anomaly is suspected to be the cause of these lens opacifications. Although a persistent fetal vasculature with a fibrovascular plaque behind the posterior lens capsule is not often present, some believe that all infantile unilateral cataracts are caused by MFVR, a mild variant of PFV, invading the posterior lens capsule (M€ ullnerEidenb€ ock et al. 2004 ). An argument against this hypothesis is that even in severe PFV, the lens is often found intact with a normal posterior lens capsule and without PCP. A PCP, strongly adherent to the internal surface of the posterior lens capsule, is however often found in these idiopathic unilateral paediatric cataract cases (Wilson et al. 2011) . The presence of such a PCP should warrant the surgeon that posterior capsulorhexis procedure and subsequent IOL implantation can be complicated due to the presence of AVLID (Praveen et al. 2010; Van Looveren et al. 2016 ). All PCP samples included in this study were collected from children presenting with unilateral paediatric cataract, but with a large variation in degree of lens opacification as described in literature (from a completely clear lens to a completely white cataract) (Wilson et al. 2011 ). All cataracts were diagnosed during the first year of life. For child C, the surgery was postponed until the age of 4 due to nonmedical circumstances. Peeling the PCP from the lens capsule was feasible in all cases, but in child A, a break in the posterior capsule was noted after the peeling. In child B and D, the posterior capsule remained intact. For child C, it was not possible to distinguish a capsular defect. After puncturing the posterior lens capsule and injecting viscoelastic device into Berger's space with the intention to separate the posterior lens capsule from the anterior hyaloid, a strong adherence of the hyaloid was noted underneath the region of the plaque in all four cases, making viscodissection of the two structures quite difficult. In child A and B a central defect in the anterior hyaloid membrane occurred or was present. In child C and D, the anterior hyaloid membrane remained intact. The association between the presence of a PCP and AVLID in unilateral paediatric cataract was described recently, explaining the strong adherence of the PCP to the posterior lens capsule and explaining the difficulties encountered when separating the posterior capsule from the anterior hyaloid membrane (Van Looveren et al. 2016) . These findings concur with the surgical difficulties during cataract surgery in all four patients included. Due to the solid nature of the paediatric vitreous, a vitreous prolapse necessitating anterior vitrectomy occurred only in child A. Although performing anterior vitrectomy is often advocated during cataract surgery in pre-schooled children to prevent postoperative visual axis reopacification, it is not mandatory when using the bag-in-the-lens IOL implantation technique as it was the case in all four children (Van Looveren et al. 2015) .
The posterior lens capsule is mainly build up out of collagen type IV (Danysh & Duncan 2009) . Despite the strong adherence of the PCP to the posterior lens capsule, collagen type IV was not observed in any of the PCP specimen. Although we cannot entirely exclude that the absence of collagen type IV in the dataset is a consequence of the analytical limitations inherent to the proteome analysis approach, this might indicate that these plaques despite their strong adherence, are a separate entity from the lens capsule. In child A, a break in the posterior lens capsule was clearly observed peroperatively after peeling the PCP, but no collagen type IV was detected. From this finding, one may conclude that the posterior lens capsule underneath this plaque was most probably not present. Because the PCPs obscure the visibility of the posterior lens capsule, the presence of a posterior capsular defect is up to now a peroperative observation. When looking at other cataract conditions with posterior lens capsule anomalies, much can be learned from the posterior polar cataract. Posterior polar cataract is an autosomal dominant condition presenting with a distinctive sharply demarcated opacity, discoid in shape, adjacent and merging with the posterior capsule. It is associated with a mutation of the PITX3 gene on chromosome 10, but the mechanism through which this pathology occurs remains unclear (Summers et al. 2008) . The formation of the PCPs in the AVLID type of unilateral paediatric cataracts may have a common pathophysiologic pathway. Histology has shown that a posterior polar cataract consists of dysplastic lens fibres with a thinning of the underlying lens capsule. Currently, there is no information on the state of the vitreolenticular interface in this type of cataracts. A recent study using optical coherence tomography (OCT) imaging illustrated the relation between the posterior polar opacity and the lens capsule in adults preoperatively and assessed the risk of peroperative capsular rupture (Chan et al. 2014) . With the emerging intraoperative OCT devices, analysis of the relationship between PCP and posterior lens capsule in paediatric cataracts might be also useful.
Sample collection and subsequent proteome analysis of these PCPs is challenging due to the very small size, the fragile nature of the samples and the low concentrations of proteins present. To our knowledge, this study is the first to demonstrate it is feasible.
Only PCPs of which the integrity was confirmed peroperatively were included and presented for proteome analysis. To guarantee the reliability of the results, only proteins identified with a minimum of two peptides overall four runs were retained in this study and the confidence level for the peptide identification was set at 95%. Only those proteins found in more than one sample were considered for further interpretation. These quite conservative settings strengthen the specificity of the results. This chosen approach can also explain the low number of proteins (only eight of all the identified proteins) that is observed across all of the four capsular plaques. Proteins normally present in a lens capsule (such as collagen type IV, laminine, heparan sulphate proteoglycans, entactin, osteonectin, vitronectin,. . .) were not observed in these capsular plaques (Danysh & Duncan 2009; Sharma et al. 2011) . This indicates that however these PCPs are strongly adherent to the posterior lens capsule (sometimes even masking an underlying capsular defect), they are a separate entity with a completely different protein composition than that of normal posterior lens capsule.
A large portion of the proteins found in the plaques is similar to the proteins known to be present in lens cells and lens fibres. Typical structural lens proteins were found, such as alpha-and betacrystallins and alpha-and gamma-enolase. Many proteins associated to the glycolytic pathway were also retrieved. Some proteins exclusively expressed after differentiation in lens fibre cells, such as filensin and phakinin were detected in the PCPs, but others (such as major intrinsic protein) were not retrieved. All eight proteins found present in all four plaques have been described to be present in normal lens tissue (Wang-Su et al. 2003) . Some contamination of the PCPs during sample collection by remaining lens tissue is possible. The presence and abundance of these proteins in all samples however validate the results.
Vimentin, found in all four PCPs, has been demonstrated to be present in lens epithelial cells, decreasing in the presence upon differentiation to fibre cells, but is more typically found in cells of mesenchymal origin. The presence of fibronectin, collagen type I, collagen type VI and lumican are typically found in mesenchymal tissue and not in lens tissue or lens capsule (de Iongh et al. 2005) . The presence of these proteins in the analyzed PCPs may indicate that the plaques contain mesenchymal tissue. One might speculate this being the result of an epithelial-mesenchymal transformation (EMT).
Although a capsular defect is often found underneath these plaques, it was only described in one of the four cases presented. No typical proteins associated with vitreous constitution (such as collagen type II, IX and XI; Sebag 1989) were observed inside the PCPs. This is in contradiction with a study using immunohistochemistry that detected collagen type II at the vitreolenticular interface of posterior unilateral congenital cataracts (Van Looveren et al. 2016 ). This study however included more severe cases and the studied specimen consisted of posterior lens capsules with a PCP on the anterior side and adhesions to the hyaloid membrane on the posterior side of the capsule. Possibly, if the posterior capsule is not formed or is disrupted underneath the plaque, the strong adhesion of the anterior hyaloid to this region may have led to the detection of collagen type II. Although no collagen type II was detected in the present study, when attempting posterior capsulorhexis, an abnormal adhesion of the anterior hyaloid membrane to the posterior capsule underneath the region of the PCP was noted in all cases.
Possibly a normally formed Berger's space is necessary for normal lens development and the presence of such an AVLID might influence normal lens cell migration and differentiation eventually leading to PCPs and cataract formation. If this can be verified then a localized developmental anomaly outside the lens would indeed be the trigger for the development of these unilateral paediatric cataracts. The influence of this AVLID may be purely mechanical (also explaining the presence of lenticonus and decreased axial length in some cases) or maybe also at the level of altered signalling pathways for lens cell proliferation, migration and differentiation. Differential distribution of fibroblast growth factors in the ocular media (aqueous and vitreous) showed to regulate these processes (de Iongh et al. 2005) . Many in vitro and in vivo studies have demonstrated in anterior subcapsular cataract and in posterior capsular opacification that the activation of inappropriate tumour growth factor signalling leads to the formation of subcapsular plaques, consisting of fibroblastic cells that arise from the lens epithelium by an EMT (de Iongh et al. 2005) . This theory might also explain the pathophysiologic process underlying the cataract formation for many unilateral paediatric cataracts. It corresponds well with the cases (all presenting with AVLID) and with the proteins found in the PCPs in present study. On the contrary, initial abnormal lens fibre formation with PCP formation may influence the constitution of the posterior lens capsule underneath the PCP, possibly also resulting in abnormal formation of Berger's space. The results of the present study could not rule out AVLID being primary or secondary to PCP and cataract formation.
Further studies are needed to unravel these processes. Improving our understanding of these peculiar unilateral paediatric cataracts will help to improve the surgical outcome in these cases and ultimately maybe to prevent them to occur.
Conclusion
Unilateral idiopathic congenital cataracts often present with a PCP firmly adherent on the inside of the posterior lens capsule. The presence of such a PCP is often associated with an AVLID, warranting surgeons for more complicated posterior capsulorhexis procedure requiring anterior vitrectomy. The protein composition of these PCPs indicates that they contain proteins known to be present in the lens, but also proteins typically present in mesenchymal tissue. To our knowledge, this has never been reported in literature. More studies are indicated to further unravel their origin.
Content
Posterior capsular plaques are often present in unilateral congenital cataract cases. Due to the strong adherence to the posterior lens capsule and the underlying vitreolenticular adhesions, they can complicate cataract surgery. The etiopathogenesis of these plaques however is unknown.
What this paper adds
Using proteomic approaches the protein composition of posterior capsular plaques in congenital unilateral cataract of the AVLID type was identified. The PCPs contain proteins known to be present in the lens epithelial cells and fibres, but also proteins typically present in mesenchymal tissue. These insights are new elements to the understanding of cataract formation in congenital unilateral cataract.
